Malignant melanoma is a highly metastatic cancer that bears responsibility for the majority of skin cancer-related deaths. Amidst the research efforts to better understand melanoma progression, there has been increasing evidence that hints at a role for a subpopulation of virulent cancer cells, termed malignant melanoma stem or initiating cells (MMICs), in metastasis formation. MMICs are characterized by their preferential ability to initiate and propagate tumor growth and their selective capacity for self-renewal and differentiation into less tumorigenic melanoma cells. The frequency of MMICs has been shown to correlate with poor clinical prognosis in melanoma. In addition, MMICs are enriched among circulating tumor cells in the peripheral blood of cancer patients, suggesting that MMICs may be a critical factor in the metastatic cascade. Although these links exist between MMICs and metastatic disease, the mechanisms by which MMICs may advance metastatic progression are only beginning to be elucidated. Recent studies have shown that MMICs express molecules critical for hematopoietic cell maintenance and trafficking, providing a possible explanation for how circulating MMICs could drive melanoma dissemination. We therefore propose that MMICs might fuel melanoma metastasis by exploiting homing mechanisms commonly utilized by hematopoietic cells. Here we review the biological properties of MMICs and the existing literature on their metastatic potential. We will discuss possible mechanisms by which MMICs might initiate metastases in the context of established knowledge of cancer stem cells in other cancers and of hematopoietic homing molecules, with a particular focus on selectins, integrins, chemokines and chemokine receptors known to be expressed by melanoma cells. Biological understanding of how these molecules might be utilized by MMICs to propel the metastatic cascade could critically impact the development of more effective therapies for advanced disease. KEYWORDS: cancer stem cell; circulating tumor cell; dissemination; hematopoietic cell mimicry; homing; melanoma; metastasis INTRODUCTION Melanoma, a malignant tumor of the pigment-producing melanocytes, is one of the most aggressive types of skin cancer. 1 Although it accounts for o5% of all skin cancers, melanoma is responsible for the majority of skin cancer-related deaths. It is the 5th most common cancer in men and the 6th most common in women. 2 The incidence of melanoma has continued to rise in the past 30 years. 2 Cutaneous melanoma is curable with surgical excision in its earliest stages, but its marked metastatic potential and its resistance to current treatments pose a therapeutic challenge to clinicians. The 5-year survival rate is only 15%
INTRODUCTION
Melanoma, a malignant tumor of the pigment-producing melanocytes, is one of the most aggressive types of skin cancer. 1 Although it accounts for o5% of all skin cancers, melanoma is responsible for the majority of skin cancer-related deaths. It is the 5th most common cancer in men and the 6th most common in women. 2 The incidence of melanoma has continued to rise in the past 30 years. 2 Cutaneous melanoma is curable with surgical excision in its earliest stages, but its marked metastatic potential and its resistance to current treatments pose a therapeutic challenge to clinicians. The 5-year survival rate is only 15% for distant metastasis, improved only slightly from 12% in the past decade. 3 Due to the poor prognosis and the lack of effective therapeutic options for patients with metastases, much effort has been made to uncover the etiology and pathogenesis of melanoma. Both environmental factors and genetic susceptibility appear to have a role in disease progression. 1 Risk factors for the development of melanoma include sun exposure, 4 presence of atypical nevi, 5, 6 skin pigmentation phenotype, 7 personal 8 and family histories 7 of melanoma.
Research efforts have also yielded substantial information on the molecular pathways involved in melanoma progression. Reportedly, 470% of all cutaneous melanomas have genetic alterations in CDKN2A, a locus on chromosome 9p21 encoding two tumor suppressor proteins, p16, also known as CDK4 inhibitor, and p14ARF. 9 Mutations in NRAS and BRAF, two proteins involved in the MAPK pathway that regulates transcription of genes involved in cell proliferation and survival, are found in 20% 10 and 60% 11 of melanomas, respectively. The most commonly seen BRAF mutation is a substitution of valine with glutamate (V600E). Upregulation of the PI3K pathway and subsequent inhibition of apoptosis are also seen in melanoma. 12, 13 The recent discovery of melanoma susceptibility genes has paved the way for new therapeutic strategies and led to the emergence of various small molecule inhibitors targeted against specific proteins involved in the pathogenesis of melanoma. 14 A multicenter phase 3 trial suggested that the BRAF inhibitor, vemurafenib, might extend survival in patients with advanced disease harboring the V600E mutation. 15 Trametinib, a small molecule inhibitor of MEK1 and MEK2, which are downstream of BRAF in the MAP kinase pathway, was shown to be comparable to vemurafenib in prolonging progression-free survival and overall survival rates in a phase 3 randomized controlled trial. 16 An alternative therapeutic approach stems from the observed phenomenon of melanoma to trigger antitumor immune responses. For instance, cytotoxic T cells and antibodies directed against tumor-associated antigens (TAAs) have been detected in patients with melanoma. 17 Some of the TAAs that are recognized by cytotoxic T cells include tyrosinase, gp100, MART-1 (melanoma antigen recognized by T cells), tyrosinase-related protein-1 (TRP-1) and TRP-2. Despite evidence of antitumor immunity, the overwhelming majority of melanoma patients continue to experience advancement of their disease, which suggests that melanoma cells evade immunological clearance. 18 Accordingly, a major strategy in the efforts to develop effective melanoma therapies has been to modulate the antitumor immune response, either nonspecifically or by targeting negative regulators of the immune system, called immunological checkpoints. 19 Systemic therapies with nonspecific immune-stimulating agents such as high-dose interferon and interleukin-2 (IL-2) have been utilized, along with the chemotherapeutic drug dacarbazine, with improvements in survival rates in some patients. 15, [20] [21] [22] In an effort to take a more directed approach to boost the immune system, ipilimumab became the first FDA-approved antibody-based immune therapy for melanoma. By binding to the immunological checkpoint CTLA-4 (cytotoxic T-lymphocyte-associated antigen 4) on tumor-reactive cytotoxic T lymphocytes (CTLs), ipilimumab potentiates antitumor immunity and has been shown to increase survival in patients with treatment-refractory metastatic disease. 23 Promising additional melanoma therapies that similarly attempt to target negative immune regulators are currently in development, including monoclonal antibodies directed against programmed death-1 (PD-1), [24] [25] [26] an inhibitory receptor on activated T cells, and its ligand, PD-L1. 27 Despite these numerous advances in the treatment of metastatic disease, responses to the existing immunotherapeutic agents have not been consistent, predictable or durable in many cases. 19 Furthermore, resistance to therapy is a major issue, and thus, patients with advanced melanoma continue to experience marked mortality rates. Elucidating the mechanism of metastasis will be necessary to alter the disease course and improve survival in this group of patients. 28 A topic of growing interest that may generate new insights into the pathogenesis of melanoma metastasis is the emerging cancer stem cell (CSC) field. CSCs are tumor subpopulations in which clinical virulence resides as a consequence of their unlimited capacity to proliferate, selfrenew and differentiate into more mature tumor populations to sustain robust tumor progression. 29 CSCs, also known as tumor-initiating cells (TICs), have been identified in hematological malignancies and numerous solid tumor entities, 30 including human malignant melanoma. [31] [32] [33] Importantly, CSC frequency correlates with neoplastic progression, 31 metastatic potential 32, 33 and worse prognosis 33 in melanoma patients. In addition, proof-ofprinciple of CSC targeting and consequent inhibition of melanoma growth has been established. 31 Therefore, further study of the CSC population may provide a novel direction in the path towards enhancing our basic understanding of melanoma metastasis, yielding new insights for the development of more effective therapies for advanced disease.
In the following sections we will critically review the emerging literature on malignant melanoma-initiating cells (MMICs) and their biology. We will elucidate how recently uncovered MMIC pathways may drive melanoma progression in general and, particularly, metastatic dissemination. Specifically, we will juxtapose known MMIC immunobiological functions against current understanding of homing mechanisms described for hematopoietic cells and other cancers. We propose that MMICs might highjack the leukocyte trafficking machinery to disseminate to metastatic target tissues.
CSCs-DEFINING CHARACTERISTICS
The presence of phenotypic variability within malignancies has been well documented. 28 Several major theories exist to explain this occurrence of tumor heterogeneity. For example, the prevailing stochastic theory proposes that all malignant cells have equal tumorigenic potential and give rise to a structurally heterogeneous tumor by acquiring various genetic alterations. 34 By contrast, the CSC concept postulates that CSCs generate cancer heterogeneity via their selective ability to maintain tumor growth by generating more copies of themselves while at the same time giving rise to the heterogeneous bulk of the tumor through a process termed differentiation. 29 These seemingly opposing hypotheses are, however, not mutually exclusive, as stochastic mechanisms have been described within the CSC population, which can exhibit varying degrees of self-renewing and tumorigenic potential within any given tumor. 35, 36 The consensus definition of a CSC consists of the following three characteristics: (i) its preferential ability to initiate tumor growth, (ii) its capacity to self-renew (ie, generate more copies of itself) and (iii) its ability to differentiate into tumor cells comprising the bulk of the tumor that have a more limited tumorigenic capacity 29, 30 (Figure 1 ). Traditionally, xenotransplantation of a marker-defined subpopulation of tumor cells derived from clinical specimens into immunocompromised mice (typically non-obese diabetic (NOD) severe combined immunodeficiency (SCID) mice) at limiting dilution has been required to functionally verify these CSC-defining traits. 37 Preferential tumor growth compared with marker-negative tumor bulk populations and recapitulation of the original patient tumor heterogeneity are considered evidence of CSC maintenance and differentiation. 37 Serial in vivo passaging into secondary and sometimes tertiary recipient mice is thereby used to demonstrate long-term self-renewal and tumor-propagating ability. 37 In vitro methodologies for the characterization of CSCs, including sphere formation assays, are only acceptable as surrogate CSC assays upon in vivo verification of CSC properties for a given population expressing the putative CSC marker being tested. 37, 38 More recently, in an alternative approach, genetic lineage-tracing studies have more firmly established the existence of CSCs, by enabling side-by-side comparisons of tumor-initiating ability, self-renewal and differentiation of genetically labeled CSCs versus tumor bulk populations. 31, 39 In addition, recent experiments utilizing lineage-tracing methods to study unperturbed tumorigenesis in murine cancer models have also confirmed long-term self-renewal and selective tumorigenic capability of CSCs in vivo in the native microenvironment of the tumor, further solidifying the CSC theory. [40] [41] [42] Despite the accumulating body of evidence in support of the CSC theory, there is significant controversy surrounding certain aspects. One topic of debate arises from confusion regarding the definition of CSCs and their relationship to physiological stem cells. It must be noted that the consensus definition of CSCs does not implicate physiological stem cells as the origin of CSCs. 37 Although cancers emerging from adult tissue stem cells undergoing malignant transformation have been observed in model organisms, 43, 44 the idea that CSCs must originate from physiological stem cells is a misconception, as committed progenitor cells have also been shown to acquire cancer stem-like properties upon malignant transformation. 45 Instead, CSCs must be distinguished from the bulk population by experimental characterization of their defining functional properties.
Another point of disagreement stems from the assumption that CSCs are a constant population at the apex of a hierarchically organized tumor. Experiments have shown that malignant cells lacking self-renewal potential can undergo de-differentiation into a CSC-like phenotype depending on cues from the surrounding microenvironment. 46, 47 However, physiological cells are similarly modulated to gain stem-like properties by contextual signals from the environment. For example, progenitor or transient amplifying (TA) cells can de-differentiate and acquire stem-like properties in physiological tissues. 48 Just as this observed phenomenon does not invalidate the hierarchical organization of physiological tissues, the plasticity of CSCs should not undermine the CSC hypothesis, given that CSCs can be distinguished from the bulk population at any time point in a given tumor.
Some investigators, operating under the assumption that CSCs should be a rare subset mimicking the frequency of physiological stem cells in healthy normal tissues, have presumed the high frequency of CSCs seen in certain tumors as evidence against the CSC concept. 49 In fact, the proportion of CSCs may vary depending on tumor type, the stage of the tumor and the microenvironment. 50 This is in line with the increase in the number of physiological stem cells in response to injury. 51 Furthermore, differences in the experimental conditions, the model organism and the methods utilized to isolate CSCs and measure CSC frequency may also affect their quantification. 33, 52, 53 Certain animal models (eg, NOD/ SCID IL-2Rg À / À (NSG) mice) may inherently not be conducive to accurately studying CSC biology, because they cannot re-establish the original patient tumor heterogeneity. 33, 54 Moreover, enzymatic digestion protocols utilized for CSC isolation were found to cleave CSC surface antigens, thereby producing false CSC marker negativity. 33, 54 Therefore, CSC frequencies should be analyzed relative to the model system in which a given malignancy is studied, with special attention to the experimental methodologies used. 55 Despite these controversies, the CSC field is highly studied because of its implications for therapy. Specifically, the CSCs' preferential ability to initiate and maintain tumorigenic growth would predict that novel therapeutic modalities targeting these aggressive cancer cell fractions, in addition to tumor bulk populations with limited proliferative ability, could result in more durable responses in cancer patients. Meanwhile, several pathways and biological mechanisms underlying CSC-driven tumor growth have been unraveled, including their preferential ability to promote tumor vascularization, [56] [57] [58] [59] survive cytotoxic therapy, [60] [61] [62] [63] persist in hostile tumor environments, 64, 65 and evade antitumor immune responses. [66] [67] [68] [69] [70] Accordingly, it stands to reason that the diverse functions of CSCs that appear to give a selective growth advantage to various malignancies make CSCs an important focus of further studies in cancer biology. The following section will elaborate on melanoma CSCs, also known as MMICs, and their immunobiology, with a particular emphasis on their potential involvement in the metastatic cascade.
MALIGNANT MELANOMA-INITIATING CELLS: IDENTIFY-ING TRAITS AND ROLE IN TUMORIGENESIS
Melanoma, with its marked resistance to conventional chemotherapy and highly aggressive behavior, has been hypothesized for some time to follow the CSC model of tumor initiation and growth. 71, 72 Initial evidence supporting this hypothesis was provided when it was discovered that a subset of chemoresistant cells in melanoma cultures and in clinical melanoma biospecimens overexpressed a number of stem cell markers, including CD133. 73 Additional evidence was provided by the preferential in vitro clonogenic capacity of melanoma cells expressing CD20 (Table 1) , a marker of mature B cells, as well as the in vivo preferential ability to form tumors in immunodeficient mice. 74 In a separate study, CD133 þ melanoma cells were shown to have an enhanced capability to initiate primary tumors in NOD/SCID mice compared with CD133 À melanoma cells. 75 However, the authors did not perform serial xenotransplantation experiments to confirm long-term self-renewal of CD133 þ melanoma subsets 75 (Table 1 ). The same group also reported preferential expression of the chemoresistance-determinant ABCG2 by CD133 þ fractions, but failed to prospectively isolate and ascribe CSC-defining traits to ABCG2-purified melanoma subpopulations (Table 1) . Taken together, however, both studies suggested that melanoma lesions did indeed consist of functionally distinct subpopulations with varying tumorigenic capacities.
Concrete evidence for the existence of MMICs came with the establishment of ABCB5 as a marker of TICs in melanoma 31 ( Figure 1 and 31 Consistent with these findings, induction of terminal differentiation led to a significant downregulation of ABCB5 expression on melanoma cells in a study by Botelho et al, 76 and Oct-4-mediated de-differentiation of melanoma cells led to increased ABCB5 expression. 77 Furthermore, several recent studies showed that ABCB5 frequency correlated with in vitro clonogenic potential of melanoma cells. [78] [79] [80] Moreover, ABCB5 gene amplification was found to be a predisposing factor to clinical melanoma development, 81 further strengthening the support for the role of MMICs in melanoma growth. In addition, an ABCB5 single-nucleotide polymorphism, which encodes a non-synonymous ABCB5 amino-acid change (K115E), correlated significantly with decreased melanoma risk in a recent study involving 585 melanoma cases and 605 age-matched controls. 82 The ABCB5 K115E polymorphism was further associated with increased pigmentation and impaired ABCB5 transport function, demonstrating for the first time that functional variations in a prospective CSC gene correlate with melanomagenesis. 82 ABCB5 has meanwhile also been shown to mark CSCs in other cancers besides melanoma, such as hepatocellular carcinoma. 83 Adding to the compiling evidence for the MMIC model, selective targeting and elimination of ABCB5 þ cells via antibody-dependent cell-mediated cytotoxicity using an anti-ABCB5 monoclonal antibody was shown to impair tumor initiation and retard tumor growth in immunodeficient mice xenografted with human melanoma. 31 These results not only unequivocally demonstrated that melanoma is a CSC-driven disease, but they also established proof-of-concept for the therapeutic utility of targeting MMICs. Similarly, therapeutic targeting of CD20, a marker previously suggested to be associated with MMICs, though not an unequivocally proven MMIC marker, resulted in inhibition of melanoma growth and recurrence in immunodeficient mouse xenografts. 84 The same group reported a case of a metastatic melanoma patient whose metastatic lesions regressed after local treatment of cutaneous lesions with rituximab, a monoclonal antibody directed against CD20. 85 Moreover, in a small pilot trial, treatment with rituximab resulted in prevention of disease recurrence in five out of nine metastatic melanoma patients. 86 These findings, taken from studies that employ CSC-associated markers to eliminate a specific subpopulation of melanoma cells, clearly reveal the potential therapeutic relevance of targeting MMICs.
More recently, additional evidence of CSCs in melanoma was provided by the isolation of melanoma subsets expressing nerve growth factor receptor (NGFR), also known as CD271 ( criteria of the CSC definition in serial xenotransplantation assays utilizing nude and NOD/SCID mice, and NSG mice to a lesser degree; they were capable of tumor initiation, establishment of the original tumor heterogeneity and long-term self-renewal. Unsurprisingly, given these results, Frank et al 57 found preferential coexpression of ABCB5 and CD271 on clinical melanoma specimens. Another molecule investigated for its potential as an MMIC marker is aldehyde dehydrogenase (ALDH), a detoxifying enzyme, the expression of which has been proposed to identify CSCs in breast, 87 colon and many other cancers. 88 Melanoma populations with high ALDH activity were found to be enriched with tumorigenic cells capable of prolonged selfrenewal capacity in both NOD/SCID 89, 90 and NSG mice. 89 However, in another study, ALDH þ melanoma cells were found to have similar tumorigenic potential compared with ALDH À cells in xenograft assays using NSG mice, 91 calling into question the validity of ALDH as a universal MMIC marker (Table 1) . Another marker implicated in melanoma tumorigenesis is the member of the family of jumonji/ARID1 (JARID1) histone 3 K4 demethylases, JARID1B, a protein involved in positive cell cycle control in melanoma. 92 In a study by Roesch et al, 93 JARID1B marked a subpopulation of slow-cycling melanoma cells that were found to be crucial for long-term tumor growth. However, whether this marker coincides with MMICs was not addressed in this study (Table 1) .
Some have questioned the existence of MMICs based on studies showing a generally high frequency of tumorigenic cells in melanoma and an apparent lack of association between tumorigenicity and CSC marker positivity. 49, 54, 83 Quintana et al 49 reported that an average of one in four melanoma cells isolated from patient tumors was able to form tumors in NSG mice, and therefore, interpreted that melanoma was not a cancer that followed the CSC model, based on the observed finding of low frequencies of physiological stem cells present in the human body. In a follow-up study, the group reported no differences in tumorigenic capacity of melanoma cells in xenotransplantation assays into NSG mice when comparing ABCB5 þ versus ABCB5 À cell subsets and CD271 þ versus CD271 À subsets. 54 However, these findings were called into question when Civenni et al 33 found that the tumor dissociation methods utilized in the studies by Quintana et al 49 to generate single-cell suspensions from clinical melanomas cleaved off CSC markers from the cell surface. The resultant possible contamination with MMICs of populations thought to be negative for any CSC marker would explain the reported discrepancies in the tumorigenic potential of distinct melanoma subpopulations. Furthermore, it is crucial to note that these studies were performed in NSG mice lacking natural killer (NK) cells. Civenni et al 33 showed that neither marker-positive nor -negative xenotransplanted cells were able to recapitulate the original tumor heterogeneity, making NSG mice an unfit model for accurately studying the CSC-defining traits of self-renewal and differentiation. 33 In addition, CSC marker-negative melanoma cells were able to initiate tumor growth in only the NSG mouse model, whereas CSC marker-positive cells were capable of tumor initiation in all immunodeficient mouse models tested. 33 When scrutinized in the context of mouse models that eliminate confounding factors that may be involved in the study of CSC biology, CD271 was shown to mark a subpopulation of melanoma cells that were not only more tumorigenic than the CD271 À tumor bulk, but also capable of long-term self-renewal and recapitulation of the heterogeneous composition of the original patient tumor. 33 
BIOLOGICAL PROPERTIES OF MALIGNANT MELANOMA-INITIATING CELLS
Along with the advent of methods allowing for the identification of MMICs came the discovery of other biological capabilities specifically associated with these virulent tumor cell subsets. In other cancers, CSCs have been shown to preferentially induce neovascularization to promote tumor growth. 56 There is evidence to suggest that this may also be the case in melanoma, as MMICs preferentially express vasculogenic differentiation markers, VE-cadherin and TIE-1, 31 as well as VEGFR-1, 57 and have been shown to have a crucial role in the phenomenon of 'vasculogenic mimicry' 94, 95 and resultant tumor growth in a VEGFR-1-dependent manner in mouse xenografts. 57 Of note, in agreement with the established association of MMICs with clinical melanoma progression, 31, 33, 96 these vasculogenic differentiation markers may also be involved in promoting metastasis formation. For example, TIE-1 has been previously associated with the metastatic phenotype of melanoma cells, 97 and a separate group reported TIE-1 and VEcadherin overexpression in highly invasive melanoma cells. 98 In addition, VEGFR-1 expressed by hematopoietic progenitor cells was found to be critical in the formation of premetastatic niches, and antibody blockade of VEGFR-1 prevented melanoma metastasis in a mouse model. 99 However, the exact functional roles that these markers have in propagating melanoma metastasis remains to be elucidated. Lastly, preferential activation in MMICs of NRAS, an oncogene involved in the activation of the ERK/ AKT pathway, may yet be another mechanism by which MMICs facilitate tumor initiation and growth via the involvement of RNA helicase HAGE. 100 Meanwhile, other attributes of MMICs have also been discovered that may elucidate the mechanisms underlying the enhanced capability of MMICs to persist in the human host, including their ability to evade and actively suppress the host antitumor immune response. Initial evidence pointing to the favorable immunophenotype of MMICs was provided by findings of decreased MHC class I antigen expression 66 and downregulation of various TAAs on the cell surface of MMICs vis-à-vis melanoma bulk populations. 32, 66 In a subsequent study, the immune-evasive behavior of MMICs was further demonstrated when melanoma cells, induced by tumor necrosis factor alpha (TNF-a) to de-differentiate and exhibit a stem-like phenotype, as signified by an increased expression of CD271, were less susceptible to killing by cytotoxic T lymphocytes. 101 MMICs have also been found to actively modulate the antitumor immune response when compared with their bulk tumor counterparts. For example, MMICs have been shown to inhibit IL-2 production and increase production of the immunosuppressive cytokine, IL-10, leading to decreased T-cell proliferation. 66 In addition, MMICs were found to preferentially express coinhibitory molecules, including PD-1 and B7.2, and induced regulatory T cells to promote immunogenic tolerance in a B7.2-dependent manner. 66 Given their expression of the drug efflux transporter, ABCB5, 31, 73, 102 MMICs have not surprisingly been implicated in drug resistance. Indeed, an increase in the frequency of ABCB5
þ MMICs is found in vitro and in mouse xenografts after treatment with chemotherapeutics. 103 Furthermore, tissue sampled from metastases of treated melanoma patients are enriched in ABCB5
þ cells compared with pre-chemotherapy specimens. 103, 104 Efflux of standardof-care agents by ABCB5 is one proposed mechanism of MMIC chemoresistance. 73, 102 Similarly, the association of treatment resistance and CSC frequency is present in many types of cancers, such as breast cancer, 62,105 glioblastoma, 60,106 hepatocellular carcinoma 83 and colorectal carcinoma, 63 where ABCB5 was also determined to be a mechanism of resistance.
MELANOMA METASTASIS: CONTRIBUTION OF MMICs?
Of great clinical importance, ABCB5 frequency directly correlates with disease progression in melanoma. 31 Since this initial finding, multiple studies have confirmed ABCB5 as a progression marker in clinical melanoma specimens as well as in animal models. 96, [107] [108] [109] Similarly, CD271 expression was found to significantly correlate with increased metastatic burden and poor tumor-specific survival in melanoma patients. 33 ABCB5 also correlates with adverse clinical outcomes and worse prognosis in other cancers. 83, 110 In addition, the importance of ABCB5 in cancer progression is underlined by the finding of increased ABCB5 mutation frequency in smokers with non-small cell lung carcinoma versus non-smokers. 111 Further suggestive of a role of MMICs in disease advancement, compared with CD271 À cells, patient-derived CD271 þ melanoma subpopulations were shown to preferentially metastasize to the liver and lungs in a mouse xenograft model. 32 Moreover, circulating tumor cells (CTCs) were found in other studies to express elevated levels of MMIC markers. [112] [113] [114] þ CTCs, isolated from metastatic melanoma patients, were more tumorigenic in vivo, when compared with ABCB5 À CTCs. In a separate study, the use of ABCB5 and CD271 in addition to melanoma differentiation antigens maximally enriched for CTCs from patient samples compared with the use of melanoma differentiation antigens alone. 116 Though these previous studies are highly suggestive of a possible role of MMICs in promoting metastasis, mechanistic insights into how MMICs may fuel metastatic progression are still lacking.
Although metastatic disease is the leading cause of cancerrelated deaths 117 and a significant contributor to the high mortality rates seen in melanoma, the mechanisms involved in the complex process of metastasis development, termed the 'invasion-metastasis cascade,' are still poorly understood. The 'invasion-metastasis cascade' can be dissected into multiple steps, 118 whereby melanoma cells (i) dissociate from the primary tumor, undergo local invasion into the dermal stroma, and breach the basement membrane, (ii) intravasate into lymphatic or blood microvessels, (iii) are transported as CTCs to other organs, (iv) arrest on microvessels within the target tissue, (v) extravasate into the tissue parenchyma forming dormant micrometastases and (vi) proliferate further, forming macrometastases 119 ( Figure 2 ). Though conventional wisdom states that metastasis formation is an event that is triggered later in the disease process, at more advanced stages, 120 recent evidence is suggestive of tumor dissemination transpiring at even the earliest of stages, perhaps occurring concomitantly with primary tumor formation. 121, 122 CTC studies appear to support this newer line of thinking. For example, Reid et al 114 were able to detect CTCs in the blood of early stage (stage 0-II) melanoma patients. Because of the therapeutic and prognostic implications of detecting early metastasis, characterization of the subset of cells with metastatic capacity that allow for distant seeding in early stages of cancer has become a focus of active research.
Little is known about the role of MMICs in the metastatic process, but given their enhanced tumorigenic capacity, association with tumor progression and enrichment in the CTC population, MMICs make an attractive candidate in the efforts to identify the cells responsible for initiating metastasis. A small number of studies in breast cancer have suggested a critical role of CSCs in metastasis formation and have actually identified the molecular networks involved in this process. In a mouse breast cancer model, in which spontaneous lung metastasis formation is seen, CSCs were revealed to have a crucial role in initiating metastatic niches via induction of periostin expression and subsequent recruitment of wnt ligands by stromal cells at metastatic loci, leading to CSC-driven metastatic expansion. 123 Along the same line but utilizing breast cancer patient-derived CTCs, a recent study by Baccelli et al 124 showed that expression of CD44, a breast CSC marker, as well as MET and CD47 represented a subpopulation of CTCs capable of initiating metastasis in an NSG mouse model, providing a functional link between CSC phenotype and metastatic progression in the form of specific cell surface proteins expressed by CSCs. Furthermore, similar to the known correlation between CSC frequencies and poor clinical outcomes in other cancers, 33, 83, 110 
CTCs correlated with disease stage in breast cancer patients. 124 These studies in the breast cancer field, though few in number, have begun the process of dissecting the mechanism of metastasis initiation by circulating CSCs. A major factor that drives metastasis is epithelialto-mesenchymal transition (EMT), a process seen in normal embryogenesis and adopted by epithelial cancers to acquire a more aggressive phenotype. 125 In EMT, polarized epithelial cells lose their associations to the surrounding environment and attain migratory properties of mesenchymal cells. The reversal of EMT, mesenchymal-to-epithelial transition (MET), is the acquisition of an epithelial-like phenotype, a mechanism by which neoplastic cells colonize target tissues. Both EMT and MET involve differential regulation of cell adhesion and cytoskeletal proteins. EMT is closely interrelated to the CSC model, as it may have a role in CSC-driven metastasis. 55, 126 For instance, EMT-induced breast cancer cells acquire a stem-like phenotype, and breast CSCs isolated from patients have been found to express EMT-associated markers. 127 There is evidence that EMT may also be an important process underlying melanoma progression. Overexpression of SLUG, a transcriptional repressor of proteins involved in cell-to-cell adhesion, was found to induce an EMT-like phenotype and promote melanoma cell migration. 128 In addition, TWIST1, a crucial transcription factor in EMT, 129 was shown to be a positive regulator of melanoma invasion in vitro. 130 Furthermore, elevated levels of the transcription factor SNAIL as well as fibronectin, an expression profile consistent with a mesenchymal phenotype, were associated with increased melanoma metastases in vivo. 131 Because of their intrinsic plasticity, it is not unreasonable to hypothesize that EMT and MET may be utilized by MMICs to promote metastatic spread. However, despite these findings, a molecular explanation for the prometastatic behavior of MMICs specifically remains largely unknown, indicating the need for additional functional studies in the melanoma field using mouse models and/or manipulation of MMIC-specific molecular pathways to yield new insights into the mechanisms underlying the invasionmetastasis cascade.
DO MMICs HARNESS HEMATOPOIETIC HOMING MOLECULES TO PROMOTE METASTASIS?
As noted previously, nearly all patients who succumb to melanoma are killed by metastatic growths, which compromise functions in vital organs, notably lymph nodes, liver, lungs and brain. 132 These Stage III-IV metastases are virtually guaranteed once melanomas enter the vertical growth phase, exit the epidermis and penetrate a sufficient depth into the dermis (Breslow thickness). 133 Here, melanoma cells enter blood and lymphatic vessels and utilize such conduits to home as CTCs to distant anatomical niches permitting colony formation within favorable microenvironments. Identifying and characterizing the molecular mediators of MMIC and non-MMIC populations at each step of the 'invasion-metastasis cascade' is the subject of ongoing investigation. Given that MMICs have been previously shown to express certain proteins thought to be restricted to lymphocytes, such as the coinhibitory receptor, PD-1, the costimulatory molecule, B7.2 66 or the B-cell antigen, CD20, 74,84,85 we hypothesize that MMICs capable of seeding metastases are adopting certain phenotypic aspects of circulating leukocytes, thereby harnessing their approach to home to specific target tissues. Homing is an active, multistep process that involves leukocyte-endothelial cell interactions with adhesion molecules participating in recognition, adhesion and extravasation of circulating cells into distinct sites. 134 Specificity of access to and anchorage in certain extravascular spaces depends on the homing molecules utilized. 135 As cancer cell homing operationally involves steps (iii-v) of the cascade noted above, and CSCs have been shown to express CD44, a glycoprotein involved in cell adhesion and migration, 136 this review will focus on the dominant surface adhesive and migratory molecules that might govern MMIC and non-MMIC homing behavior, including selectin-selectin ligands, integrins and chemokine-chemokine receptors. By drawing parallels from current known homing mechanisms utilized by hematopoietic cells, we elaborate on potential mechanisms by which MMICs may act as drivers of metastasis.
SELECTIN-SELECTIN LIGANDS IN MELANOMA
Growing evidence indicates that metastatic melanoma cells along with virtually all types of cancers may hijack and exploit at least some aspect of leukocytic selectin ligand, integrin and/or chemokine-driven adhesive and migratory mechanisms in a process conceptually termed 'leukocyte mimicry' 137, 138 (Figure 3a) . Cancer cell-leukocyte mimicry has been hypothesized to occur via genetic and epigenetic alterations in cancer cells or perhaps via direct fusion of a cancer cell with a leukocyte to form a hybrid cell, often termed the 'cancer cell-leukocyte fusion theory of metastasis' . 139 Firm attachment on and movement of CTCs through vascular endothelium are key events in melanoma cell egress from the blood into target tissues. Accordingly, these steps are currently under intense scrutiny in the hope of devising potent therapies to block cancer cell extravasation. Increasing evidence has implicated a class of adhesion molecules, Figure 3 Hypothetical model of malignant melanoma-initiating cell (MMIC) homing and extravasation into secondary tissues. (a) Step 1: circulating MMICs co-expressing the MMIC markers ABCB5 and CD271 tether and roll in blood flow on microvascular endothelial cells of the metastatic target tissue. MMIC tethering and rolling might involve binding between constitutively active MMIC a4b1 integrin and endothelial VCAM-1 as well as potentially MMIC E-selectin glycoprotein and glycolipid ligands interacting with endothelial E-selectin.
Step 2: rolling MMICs might then transition to firm adherence upon a5b1 integrin (elevated on MMICs) engagement with its major endothelial ligand, fibronectin (FN).
Step 3: MMICs might traverse endothelial cell-cell junctions via a5b1 and a6b4 (also elevated on MMICs) binding to putative surface and basement membrane integrin ligands, FN and laminin (LN), respectively. MMIC transendothelial migration might further involve IL-8 and SDF1 binding CXCR1 and CXCR4, respectively, mechanosignaling circuits identified previously in migratory melanoma cells and CSCs in other cancers. Note that several other integrins, chemokine receptors and chemokines identified previously on bulk melanoma cells or CSCs in other cancers yet heretofore not analyzed on MMICs may also contribute to MMIC rolling, firm adhesion and transmigration via activation of integrins or induction of directional movement. Also unclear is the role of b2 integrins in MMIC dissemination. Aside from the aforementioned homing molecules, additional factors may promote MMIC-driven metastasis formation. For instance, vasculogenic markers, including VEGR-1, VE-cadherin, and TIE-1, known to be preferentially expressed by MMICs, could help foster a metastatic niche and facilitate tumor expansion in the metastatic target tissue. (b) A second possibility in melanoma extravasation involves the contribution of leukocytes, wherein neutrophils are believed to bind melanoma expressed ICAM-1 via aLb2 and aMb2 integrins, thereby bridging melanoma cells to the endothelial layer. The neutrophil, anchored to the endothelium via ICAM-1-b2 integrin and E-selectin-E-selectin ligand interactions, as depicted, might then help to drag the melanoma cell through the endothelial layer (not shown). Whether MMICs utilize a similar process is unclear.
selectin-selectin ligands, in cancer cell homing and infiltration into distant sites. 140 Selectin-selectin ligands enable leukocytes and, more recently, CTCs to sufficiently anchor to vascular endothelium, thereby overcoming hemodynamic shear forces in the bloodstream in a process termed 'rolling' . 137 The critical role of selectins in leukocyte homing is aptly illustrated by the genetic disorder, leukocyte adhesion deficiency II (LAD II), in which leukocyte recruitment to sites of chronic infection is impaired secondary to the inherited deficiency of specific ligands needed to recognize selectins. 141 Despite their importance, selectins are perhaps the least studied class of homing molecules in cancer to date. Given that cellular rolling is often the first step in tissue colonization, preceding firm adhesion to vascular endothelium and subsequent transendothelial migration, blockade of selectin-selectin ligands represents a possible strategy for therapeutic intervention against cancer cell extravasation.
Endothelial (E)-, platelet (P)-and leukocyte (L)-selectins comprise the selectin family and are predominantly found on endothelial cells, platelets or leukocytes, respectively. These molecules are responsible for promoting binding interactions with selectin ligands consisting of distinct types of modified sugar groups expressed on select structurally diverse proteins or lipids. E-selectin is particularly important for the capture of circulating leukocytes or CTCs expressing E-selectin ligands from the bloodstream, leading to adhesion and subsequent invasion of CTCs into the extravascular space. 137 Tumor cells isolated from subjects with cancer of the colon, prostate, breast, pancreas and lung, have exhibited rolling and adhesive behavior on endothelial monolayers expressing E-selectin. 140 In studies of lung cancer, a malignancy that frequently metastasizes to the liver, injection of H59 murine lung cancer cells into mice led to the induction of E-selectin expression on the hepatic sinusoidal endothelium, suggesting a critical role for E-selectin in tumor cell colonization of tissues. 142 Interestingly, in this same study, B16 F1 murine melanoma cells also induced E-selectin expression on the sinusoidal endothelium. 142 Consistent with these findings, cancer cell homing to tissues has been inhibited with anti-Eselectin antibodies in multiple studies performed in experimental models. 137, [142] [143] [144] In addition to E-selectin, P-selectin and L-selectin have also been shown to contribute to metastatic progression. 145, 146 L-selectin was found to be particularly relevant for lymphatic dissemination of tumor cells. 147 Given the experimental data implicating selectins as key factors in metastasis, expression of selectin ligands on cancer cells has been a subject of great interest. Selectin ligands on leukocytes or tumor cells that are preferentially bound by selectins include sialofucosylated Lewis carbohydrates (also known as Lewis antigens), such as sialyl Lewis X (sLe X ) or sialyl Lewis A (sLe a ), which are found at the terminus of O-linked glycans (mucins), N-linked glycans or neolactosphingolipids. 137 These sialofucosylated sugar moieties act as selectin ligands only when conjugated to the correct protein or lipid. For example, the CD44 protein, which acts as a receptor for hyaluronic acid, becomes a highly potent E-and L-selectin ligand when linked to sLe X . 136 137, 148, 149 In melanoma, specifically the human NKI-4 melanoma cell line expressed diSLe X and sLe a and also bound E-selectin. 150, 151 However, it remains unclear which proteins present on melanoma cells serve as targets for sialofucosylation. Moreover, despite their observed selectin binding activity, most melanoma lines appear devoid of E-selectin ligand expression, perhaps arguing against a selectin-selectin ligand-driven model of melanoma cell homing. 152 This finding, or the lack thereof, could possibly be explained by the loss of selectin ligand and glycosyltransferase expression during in vitro culturing, a known consequence in prostate cancer. 153 An alternative explanation could be that E-selectin ligands are not expressed by the bulk of melanoma cells, but rather by a select few, such as the MMIC subpopulation. Evidence supporting this line of reasoning comes from studies on physiological stem cells, as well as leukemic CSCs. Specifically, vascular niche E-selectin was found to control self-renewal, dormancy and chemotherapy resistance of selectin ligand-expressing hematopoietic stem cells, 154 and similarly, the perivascular niche was also found to orchestrate CSC self-renewal, 155 though the mechanisms underlying this process have not yet been fully unraveled. A separate study identified P-selectin as a regulator of hematopoietic stem cell and leukemic CSC self-renewal. 156 Although little is known about E-selectin ligand expression on melanoma cells as mentioned above, CD44, a bona fide marker of CSCs in several types of cancer and also present on MMICs, 73 acts as a potent selectin ligand in its sialofucosylated glycoform, also known as hematopoietic cell E-selectin/L-selectin Ligand (HCELL). 136 HCELL was found to mediate hematopoietic stem cell homing to the bone marrow, 136 inevitably raising intriguing questions regarding the relationship between selectin-selectin ligands and CSC dissemination. To our knowledge, whether CSCs express HCELL has not been determined to date, but this would certainly represent an important line of investigation, as HCELL is known to be expressed in various cancers. 138 The fact that a CSC marker itself can be modified to serve as a selectin-mediated trafficking mechanism supports the possibility that MMICs may also harness selectin-selectin ligand interactions to metastasize. This possibility warrants further investigation of melanoma selectin-selectin ligand expression, as well as the enzymes responsible for the unique sugar modifications that confer binding specificity, and narrowing the search for these molecules to the MMIC compartment may greatly enhance their detection and study.
INTEGRINS IN MELANOMA STEM CELL HOMING
A second class of molecules evoking particular interest is the family of heterodimeric adhesion and signaling receptors called integrins, which are among the most highly versatile of known cellular receptors. 157, 158 Historically, most knowledge of integrin function on cancer cells has emanated from studies of leukocytes, which have unraveled striking parallels, though also differences, between leukocyte trafficking and cancer cell homing. 159, 160 The role of integrins in homing of both leukocytes and cancer cells is complicated by virtue of the large possible integrin repertoire that may exist on any given cell. For example, 18 possible integrin a subunits may pair with 8 potential b subunits to generate the 24 known integrin heterodimers in humans. 161 Moreover, each heterodimer interacts with its own or overlapping set of ligands deposited on the endothelial lining of the target tissue or on other cells to mediate cell adhesion, migration, proliferation, differentiation and survival. A further complication is that each heterodimer may exist in several three-dimensional states (conformations) or glycoforms with various binding affinities due to cytokine/chemokine activation, expressed at different levels and also cluster in the plasma membrane to influence integrin binding avidity. 161 As a result, the attachment and movement of melanoma cells into target tissues is almost assuredly complex, relying on a diverse interplay of integrin receptors in various states and activities, interacting with a diverse set of ligands on endothelium and within tissue.
An evaluation of integrin expression on melanoma cells may be informative in simplifying and in discerning the complex nature of integrins in both MMIC and non-MMIC homing. To date, 11 integrin heterodimers have been described on bulk primary and metastatic melanoma tissues or in cell lines in culture: a1b1, a2b1, a3b1, a4b1, a5b1, a6b1, a7b1, aVb3, aIIbb3, a6b4 and aVb5. 162 Of all identified integrins above, a4b1 appears particularly significant in melanoma cell homing. For example, a4b1, which is notably absent on melanocyte tissue or cultures though present on melanoma cells, 162 is a classic homing molecule on leukocytes that binds VCAM-1, an inducible integrin counterreceptor upregulated on activated endothelial cells, to promote leukocyte tethering, rolling, arrest and migration into inflamed or infected tissue. 163 As a consequence, a4b1 may help melanoma cells mimic the traffic control patterns of hematopoietic cells by enabling melanoma emigration into any tissue that expresses VCAM-1 and, due to its capacity to capture cells in hemodynamic flow, circumvent the need for selectin-selectin ligand-mediated cell braking or 'rolling'. Moreover, a4b1 may also bind fibronectin expressed on endothelial linings. 162 Strikingly, a4b1 was found to mediate melanoma cell adhesion to and extravasation through endothelial cells under static and low shear flow conditions. 164, 165 Inhibition of a4b1 activity on B16 F10 cells with gambogic acid or lysophosphatidylcholine reduced colony formation and invasion in murine lung metastasis models. 166, 167 Of further interest is integrin aVb3, classically termed the 'vitronectin receptor', which may also bind fibronectin, laminin and a host of diverse endothelial, basement membrane and matrix proteins in facilitation of tumor homing. 162 aVb3 on melanoma cells has been associated with adhesion, migration, invasion, metalloprotease activity, survival and tumor angiogenesis. 162 In fact, B16F0 melanoma cells cultured in a hypoxic environment, 1.5% oxygen, displayed elevated aVb3 expression and increased adhesion to and migration on vitronectin. 168 aVb3 was elevated not only on melanoma cells but also on several different cancer types and was selectively expressed on activated tumor endothelial cells but not on resting, nontumor endothelial cells rendering it a potentially attractive general target for anti-cancer/anti-angiogenic therapy as underscored by previous and ongoing clinical trials. [169] [170] [171] [172] Other integrins of interest in melanoma are a3b1 and a5b1, which were elevated in primary and metastatic melanoma tissue, and a1b1, a2b1 and a6b1, which were reduced in metastatic vs primary melanoma. 162 No expression of leukocyte b2 integrins has been detected on melanocytes or yet reported on unstimulated bulk melanoma cells, though interestingly, incubation of bulk melanoma cells with human umbilical vein endothelial cell (HUVEC)-conditioned media induced expression of aLb2, leading to aLb2-ICAM-1-dependent melanoma cell transendothelial migration. 173 Nonetheless, overall absence of b2 integrins on highly metastatic melanoma cells raises important questions, given the essential role of b2 integrins in leukocyte trafficking as underscored by the inherited genetic disease LAD I. Individuals with LAD I display defects in expression and function of the b2 subunit concomitant with impaired leukocyte adhesion and migration to infected or inflamed tissue. 174 One proposed scenario is that b2 integrins on leukocytes bind ICAM-1 on melanoma cells, thereby bridging the melanoma cell to endothelial surfaces to facilitate melanoma cell extravasation 164 (Figure 3b) . Indeed, ICAM-1 expression by melanoma cells has been associated with malignant potential. 175 Nonetheless, expression of active b2 integrins directly on melanoma cells might necessitate pre-stimulation, as previously reported. 173 Furthermore, active b2 integrins might be limited to only a minor subset of melanoma cells such as MMICs.
Another unanswered, though important question is whether MMICs express and utilize identical or unique subsets of integrins compared with their non-stem melanoma cell cohorts in completion of the homing cascade. Though comparative analyses are rare, a few studies have revealed interesting differences in integrin expression between MMIC and non-MMIC populations. For example, the a5 subunit (also known as CD49e) was preferentially expressed on ABCB5 þ G3361 melanoma subpopulations compared with ABCB5
À cells, and coexpression of a5 with ABCB5 was further validated in clinically derived malignant melanoma tissues. 73 In contrast, no differential expression of b1 subunit (also known as CD29) was found in MMIC versus non-MMIC cohorts. 73 Based on elevation of a5, the sole pairing partner of which is b1, it could be hypothesized that enhanced a5b1 heterodimer expression may result in preferential MMIC adhesion and/or migration on the major a5b1 ligand, endothelial fibronectin. In another study, microarray analysis revealed differential expression of the a6b4 integrin signaling pathway, a major laminin-binding integrin, in ABCB5-enriched melanoma subsets vis-à-vis melanoma bulk populations. 176 Given the paucity of information on integrins in MMICs, and as diverse cancers often share overlapping integrin mediators in regulation of homing, further clues to integrindriven MMIC homing might be uncovered by studying the integrin repertoire and integrin function in CSCs of various tumor models. Of the integrin repertoire on melanoma cells, these investigations have implicated a1, a2, a4, a6, aV, b1, b3 and b5 containing integrins as markers of or mediators in CSC homing, tumorigenicity or self-renewal of diverse cancers. For example, CD133
þ prostate CSC isolates from patient tissue and from peripheral blood displayed high expression of a2b1 or of a1b1, a2b1, aVb3 and aVb5, respectively, and exhibited a1b1-mediated cell attachment to extracellular matrix proteins and a1b1-regulated CSC differentiation. 177 In addition, prostate cancer DU-145 cells exhibiting sphere-propagating, stem-like properties were similarly enriched for a2b1 expression. 178 By virtue of these findings, a2b1 has been employed more recently as a marker to segregate putative prostate CSC subsets from non-CSC populations. 179, 180 In a separate study, a4 was elevated on sarcospheres of breast sarcoma cells versus adherent cell cultures, and the population of a4-high sarcospheres displayed greater cell viability, tumor-initiating ability, chemoresistance and recapitulation of tumor complexity compared with the a4 low population. 181 Another prime candidate in CSC regulation is a6, which was expressed highly on the SW872-S human liposarcoma sub-cell line, displaying higher tumor initiation and self-renewal potential than a6-low expressing cells. 182 Strikingly, a6 knockdown by short interfering RNA or antibody blockade inhibited liposarcoma adhesion to laminin and blocked tumor growth in vitro and in vivo. 182 Moreover, a6 expression coincided with liposarcoma relapse, indicating that a6 may serve as a marker of tumor-initiating, chemoresistant subpopulations in human liposarcoma. 182 In other cancers, a6 was expressed preferentially in undifferentiated fallopian tube epithelial cell subpopulations exhibiting enhanced clonal growth and self-renewal potential, which represented cell subsets prone to initiation of serous carcinoma formation. 183 a6 was also found co-expressed with conventional CSC markers, enriched among tumor-initiating cell populations and/or positively correlated with tumorigenic potential of cancer cell subsets in glioblastoma, breast cancer, prostate cancer and squamous cell carcinoma. 180, [184] [185] [186] [187] [188] [189] Similarly, aV integrins were elevated in human prostate cancer cells with tumor-and metastasis-initiating properties. 190 In fact, knockdown or pharmacological inhibition of aV in prostate cancer cells decreased a2 expression, inhibited clonogenic and migratory potential and decreased tumorigenicity in orthotopic growth and bone metastatic preclinical models indicating a role for aV integrins in CSC-driven disease progression. 191, 192 One aV integrin in particular, aVb3, is a well-established mediator of cellular differentiation by virtue of its involvement in differentiation of the endoderm from the inner cell mass during development and induction of osteogenic differentiation of mesenchymal stem cells when in contact with its major ligand, vitronectin. 193, 194 Unsurprisingly, aVb3 and, to a lesser extent, aVb5, induced differentiation of prostate CSCs via contact with vitronectin, while blocking aVb3-inhibited tumor formation. 195 Interestingly, the b3 subunit was elevated on tumorinitiating glioblastoma cells exhibiting enhanced migration, invasion and plasticity versus non-stem cancer cells, and invasion was blocked with anti-aVb3 antibody. 196 Finally, elevated b1 expression was detected on pancreatic CSCs and was the strongest prognostic factor in relapse and radiotherapeutic outcome for squamous cell head and neck cancer. 197, 198 In summary, several integrin subunits and their respective integrin heterodimers are expressed and/or elevated on MMICs and on various other cancer CSCs. Given that nearly all of the 11 described integrin heterodimers on bulk melanoma cells have been linked to tumor-initiating and stemlike properties of various cancers, it is plausible that each of the 11 may have some role in MMIC homing with respect to adhesion, migration or invasion, or perhaps regulate other facets of melanoma progression, including but not limited to MMIC survival and differentiation. Nonetheless, given the specific elevation of a5b1 and activation of a6b4-dependent pathways on MMICs, the abundantly described roles for a6b1 and aVb3 in CSC functions across several cancers, and the dominant role for a4b1 in leukocyte homing concomitant with its high expression on melanoma cells, these five integrins represent particularly attractive targets for further exploration into the integrin-mediated regulation of MMIC homing and progression (Figure 3a) . Moreover, since three other integrins described on bulk melanoma cells, a1b1, a2b1 and aVb5, have also been implicated in CSC properties of other cancers, these also warrant further investigation along with b2 integrins and their ligand ICAM-1 expressed either on melanoma or endothelial cells.
CHEMOKINE-CHEMOKINE RECEPTORS IN MELANOMA
Chemokines and chemokine receptors are key drivers of cellular recruitment in innate and adaptive immune responses and, in accord with the hematopoietic mimicry hypothesis of cancer dissemination, have been increasingly viewed as major facilitators of cancer cell homing and metastasis. 199 As chemokine receptors belong to the superfamily of seven transmembrane-spanning G-protein coupled receptors and may transmit intracellular signals, they are known to influence expression and binding activity of classic cancer and immune cell homing molecules described above, including selectin ligands and integrins as well as an array of ancillary cytosolic regulators involved in cellular adhesion and in directional cell migration along chemokine gradients. 137, 199, 200 Moreover, chemokine-chemokine receptors, which are often upregulated in various cancers, may also influence the epithelial-to-mesenchymal transition (EMT) involved in CSC-driven tumorigenesis, tumor survival, proliferation and resistance to anoikis, tumor neovascularization, and also help recruit into the tumor microenvironment inflammatory immune cell subsets such as tumor-associated macrophages and myeloid-derived suppressor cells believed to impact cancer progression. 55, 199, 200 To date, 19 conventional chemokine receptors and over 40 chemokines have been described in mammals and have been divided into the CXC, CC, C or CX 3 C families based on arrangement of cysteine residues in chemokines. 199, 200 Among these, melanoma cells have been found to express chemokine receptors CXCR1-4, CXCR6, CXCR7, CCR1, CCR2, CCR5-7, CCR9 and CCR10 and to produce the chemokines CXCL1-3, CXCL5-8, CXCL10, CXCL12, CCL2 and CCL5. 201, 202 Studies suggest that some of these signaling molecules may be involved in metastasis formation in melanoma. CCR7 and CCR10 expression have been associated with lower survival, rapid melanoma progression and/or with melanoma immune evasion. 201, 203 One study demonstrated that cells overexpressing CCR7 exhibited a 700-fold elevation in metastasis to the draining lymph nodes compared with vector control cells. 204 In another study, CCR10-overexpressing B16 cells, when exposed to the CCR10 ligand CCL27, which is generated constitutively by keratinocytes, exhibited enhanced survival in the skin and were protected from immune-related Fas-ligand-mediated apoptosis. 205 Strikingly, this selective survival capability evokes the immunoevasive phenotype of MMICs (discussed above), implicating chemokine-chemokine receptors as one possible mechanism utilized by MMICs to promote disease progression. Consistent with this prospect, inhibition of CXCR1 on breast CSCs using a blocking antibody or the small molecule inhibitor repertaxin selectively depleted the CSC population, 206 illustrating the importance of CXCR1 expression on the CSC subset. CXCR1 may also be similarly crucial to MMIC-driven metastasis, a not unlikely possibility, considering that CXCR1 has been shown to stimulate melanoma cell chemotaxis and transendothelial migration via G-protein signaling in an IL-8-dependent manner. 207 CXCR4, which happens to represent the most widely expressed molecule of its class in melanoma, 202, 208 is another chemokine receptor that has been linked to CSCs. For instance, CXCR4 was detected on glioma CSCs, 209 and CXCR4 signaling in pancreatic CSCs was found to be essential for tumor metastasis. 210 Moreover, CXCR4 overexpression was critical for the maintenance of stemness via the STAT3 pathway in drug-resistant non-small cell lung cancer cells. 211 In melanoma in particular, CXCR4 expression was associated with clinical melanoma lung metastasis, a conclusion supported by the enhanced lung metastasis seen with ectopic overexpression of CXCR4 in B16 melanoma cells. 212 Furthermore, the CXCR4 signaling axis also promoted melanoma cell growth in nutrient-deprived conditions and conferred a proliferative advantage, 212 two traits reminiscent of the survival advantage and enhanced tumor-propagating ability selectively seen in MMICs. How the above described metastatic and migratory processes are influenced by chemokine-chemokine receptor engagement is not completely understood, though they may be the result of pleiotropic chemokine-related signaling acting on multiple cancer cell processes. One possible scenario is that chemokine receptor triggering controls selectin ligand and integrin activity on cancer cells in a manner analogous to the chemokine receptor-mediated control of homing receptors on leukocytes. For example, overexpression of CXCR4 or engagement by its ligand, CXCL12 (also known as SDF1), was found to enhance adhesion of melanoma cells to the endothelium and to VCAM-1 via induction of a high-affinity state of b1 integrins, similar to the CXCR4-driven induction of a4b1, a5b1 and b2 integrin activity on hematopoietic cells. 213, 214 Despite the evidence linking chemokine-chemokine receptors and metastatic disease in melanoma, a comprehensive understanding of the role of these molecules in MMIC homing is still lacking. In total, the aforementioned results support a scenario whereby various chemokine receptors, dominated especially by CXCR1 and CXCR4, along with their chemokine ligands, likely influence various aspects of MMIC homing and metastasis, either via modulation of integrin or selectin ligand activity, by directing site-specific metastasis to distinct organs, maintenance of cancer cell stemness, or through effects on survival and proliferation (Figure 3a) .
CONCLUSIONS
Metastatic melanoma remains a deadly disease despite the recent spike in drug development. With the high demand for improved insight into this malignancy that accounts for majority of the mortality rate of skin cancers, the existence of MMICs has been a subject of intense debate, especially in light of the compiling data on the presence of CSCs in various cancers. CSCs are a highly malignant subset of cells that are capable of preferential tumor initiation and propagation, long-term self-renewal and differentiation into phenotypically variable cells comprising the bulk of the tumor. There are currently numerous compelling data extrapolated from studies in animal models supporting the CSC theory in melanoma, and conflicting findings can be explained by the variations in techniques and animal models used to study MMICs.
Given their inherent virulence, the observed association between MMICs and metastatic disease is perhaps not surprising. MMICs correlate with poor prognosis and increased tumor burden in patients and are enriched among CTCs. Although such findings certainly mark MMICs as a critical participant involved in melanoma progression, there is a dearth of evidence demonstrating a direct functional link between MMICs and metastasis formation. Seeing as there are intriguing parallels between the CSC compartment and hematopoietic cells, as showcased by the reported associations between CSCs and certain hematopoietic homing molecules, leukocyte mimicry might represent an important mechanism by which MMICs seed metastasis. In particular, MMICs might exploit selectins, integrins and/or chemokinechemokine receptors to home to distant tissues in a manner analogous to that of leukocytes. It should be noted, however, that additional pathways and signaling molecules could be implicated in MMIC-driven metastatic progression. Among these are galectins, 215, 216 which have been associated with melanoma metastasis but have not been the focus of this review.
Provided that MMICs hold a significant presence in the CTC subset, future studies on CTCs with a special focus on the MMIC compartment may yield novel mechanisms of metastasis formation. In fact, MMICs bestow the unique opportunity to perform functional assays using melanoma CTCs. One challenge that has thus far posed as a barrier to the study of melanoma CTCs is the lack of appropriate markers for the isolation of viable circulating melanoma cells. Unlike in epithelial cancers, in which a surface marker called epithelial-specific antigen (ESA, also known as EpCAM) is used to select for viable CTCs, most melanoma differentiation antigens specific to cancer cells are often heterogeneously expressed and are intracellular molecules, rendering unfeasible the isolation of these cells using methods that maintain cellular viability, such as fluorescenceactivated cell sorting (FACS). In this regard, MMIC markers, such as ABCB5 and CD271, represent a unique solution to this conundrum, as they are expressed on the cell surface and, at the same time, are enriched among CTCs. The ability to isolate circulating CTCs using MMIC markers will allow for the evaluation of what are presumably the most virulent CTC subsets, but most importantly, it also immensely facilitates the much needed studies on the biology of their metastatic behavior. Such functional characterization will permit the discrimination between nontumorigenic and metastatic CTCs, enabling the generation of meaningful biomarker signatures to distinguish CTC subtypes with distinct roles in melanoma progression. The determination of these virulence-conferring markers could lead to improved melanoma staging, prognosis and therapeutic monitoring and may expedite the development of anti-melanoma therapies specifically targeting the metastatic apparatus of the MMIC compartment responsible for neoplastic progression.
